Homogenous aSi1−xAlxHy alloyed thin films, made by magnetron sputtering, has been found to exhibit tunable band gap and dielectric constant depending on their composition. The optical properties of alloys are largely defined by their electronic structure, which is is strongly influenced by interatomic charge transfer. In this work we have quantified interatomic charge transfer between Si, Al and H in aSi1−xAlxHy thin-films, with x ≤ 0.25 and y ≥ 0. Charge transfer was found experimentally using X-ray photoelectron spectroscopy, by incorporating Auger parameter data into the Thomas and Weightman model. Both the perfect and imperfect screening models were tested, and the results were compared to models calculated using density functional theory based molecular dynamics. Using imperfect screening properties of Si and Al resulted in an excellent agreement between the experimental and computational results. Alloying aSi with Al is associated with donation of electrons from Al to Si for y = 0. For y > 0 electrons are transferred away from both Al and Si. The change in Si valence charge increases linearly with increasing band gap and decreasing dielectric constant. These relationships can be used as a quick guide for the evaluation of the Si valence charge and subsequently optoelectronic properties, at specific Al/Si ratios.
I. INTRODUCTION
Increasing demand for low-cost and non-toxic optoelectronic materials, such as solar cells and light-emitting diodes (LEDs), requires development of new types of materials.
1-3 Hydrogenated amorphous silicon (aSi:H) is currently being used in heterojunction solar cells. Amorphous silicon is abundant, nontoxic, and has a band gap in the appropriate range (1-2 eV). Its high absorption coefficient resulting from the presence of dangling bonds in the structure enables all optical transitions. Passivating the dangling bonds with hydrogen increases the band gap of the material 4 . Amorphous silicon thin films can be deposited at low temperatures and on large areas, which is important for industrial production of modules on low cost substrates for solar cell applications. 6 However, hydrogenated amorphous silicon suffers from light induced degeneration and hydrogen desorption, also known as the Staebler-Wronski effect. This effect has driven production towards other more expensive and often toxic alternatives.
In a previous work, we have shown that homogenous single phased aSi 1−x Al x (aSiAl) and aSi 1−x Al x H y (aSiAl:H) films can been made via magnetron sputtering.
11 Due to the low solubility of Al in Si, aSiAl alloys with high Al content have not been extensively investigated neither in a structural or an optoelectronic context. To our knowledge; aSi 1−x Al x H y has not previously been studied for x > 8.3 at.%.
10
There is therefore currently a lack of knowledge and understanding of the alloying mechanisms. Changing the stochiometry of our aSiAl and aSiAl:H films resulted in a change in band gap and dielectric constant. 11 In this paper we want to relate the change in band gap and dielectric constant to the interatomic electron charge (re-)distribution between the constituent atoms of the amorphous alloys, namely Al, Si and H. The extent to which charge transfer takes place between atoms affects local electronic structure and determines the nature of their bonding. Different modes of bonding may result in different types of atomic arrangement, which influences the material properties and performance. Understanding the alloying mechanisms of thin film constituents is therefore important before incorporating these films in technological devices, such as solar cells. In this context, charge transfer phenomena are central to understanding alloying behaviour at the atomic level. Data from ellipsometry and UV-vis spectrometry reported in a previous paper 11 was used in order to connect the structural studies with the optoelectronic performance of the films.
The homogenous morphology of the films allows us to study the alloying behaviour of the film constituents by the means of low spatial resolution electron spectroscopy techniques such as X-ray photoelectron spectroscopy (XPS) and X-ray induced Auger electron spectroscopy (XAES) which are methods offering a wealth of spectral information. To calculate the electron charge transfer, we used XPS and XAES data in the form of the Auger parameter (AP), 14 in conjunction with the Thomas and Weightman model. 15 For a metal, such as Al, the Thomas and Weightman model can be simplified by assuming perfect local screening. However, for a dielectric material, such as Si, no simplicifaction can be assumed and imperfect screening has to be implemented in the calculations. When calculating the charge transfer for a combined material of aSi and Al, the atomic potentials which influence the atomic structure and subsequently the optoelectronic properties of the aSiAl solutions have to be included in the calculations. This has been done by comparing the charge transfer calculations based on both screening models into the Thomas and Weightman model and then compare them to compare with density functional theory (DFT) calculations of the Page 1 of 9 AUTHOR SUBMITTED MANUSCRIPT -JPCM-111832. R1   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t same system.
II. METHODOLOGY
aSiAl and aSiAl:H films have been deposited on monocrystalline p-type Si (100) substrates by a CVC 601 magnetron sputtering equipment. Prior to deposition, the samples were etched by 1 % HF solution for one minute to remove the native oxide from the substrate surface. The sputtering was carried out in an Ar atmosphere at a working pressure of 3 mTorr, with a power of 400 W. Using a two-phase Al-Si target, uniform aSiAl films with Al content up to 25 at. % were produced. The hydrogenated samples were made by introducing hydrogen into the chamber during sputtering.
XPS was performed in a KRATOS AXIS ULTRA DLD instrument using monochromatic Al Kα radiation (hv= 1486.6 eV). The X-ray source was operated at 10 mA and 15 kV, and high resolution spectra were aquired with a step size of 0.1 eV and pass energy between 10 and 40. The spectra were fitted with the computer program CasaXPS.
16
Density functional theory (DFT) calculations at the PBE-GGA level 17 and DFT-based molecular dynamics (MD) were performed using the Vienna ab-initio simulation package (VASP). 18, 19 The starting models were square supercells with a = 10.932Å containing 1) 49 Si atoms + 15 Al atoms and 2) 58 Si atoms + 6 Al atoms. To create amorphous Si-Al structures MD was ran in 50 cycles of 200 x 1 fs at 5000 K. In between the MD cycles DFT relaxation of the cell volume was performed. After introducing structural randomness at elevated temperature, a third model was made where 12 H atoms where placed into model 2 at random. The three models were labelled Si58Al6, Si58Al6H12 and Si49Al15, to reflect the type and number of atoms in each cell. All models were MD quenched in two steps, adapted from the method used for pure Si by Jarolimek et al. 20 From 2370 to 1818 K, approaching the solidification temperature of Si, the cooling rate was 0.138 K/fs, while from 1818 to 300 K the cooling rate was decreased to 0.023 K/fs. Model 1 was made in several versions to check the repoducibility of the results. After quenching, the atomic and electronic structure was relaxed using DFT to investigate the effect of increasing the Al content. The plane-wave energy cut-off was 500 eV and a Monkhorst-pack sampling of 5x5x5 k-points was used to model the Brillouin zone. The break condition for the crystal structure relaxation loop was set to forces < −0.05 eV/Å and the criterion for energy convergence was a change of the total energy less than 10 −6 eV. Bader analysis 21 was used in order to investigate trends in charge transfer between Si and Al upon alloying. As DFT in general calculates the electron structure of the unit cell as a whole, individual atoms are not well defined in terms of associated charge. In the Bader approach the atoms are confined in volumes with surface drawn perpendicular to the minima of the charge density calculated by DFT. This way most of the charge present in the structure can be included, unlike when using, e.g., spheres, which leaves the electrons in the voids between the spheres unaccounted for. To generate the charge densities used as input for the Bader analysis, the number of grid-points in the Fast Fourier transform mesh was increased until the total number of electrons counted by the Bader method was converged with the total number of electrons in the unit cell.
III. RESULTS
As previously reported 11 , the aSiAl:H film exhibit a homogenous amorphous structure of silicon alloyed with Al. Data on film composition, ellipsometry and optical measurements were presented in detail in our previous paper.
11 From the ellipsometry data, the dielectric constants were found at an energy of 0.7 eV (at the band gap). This is not the exact value of the finite dielectric function, but can be satisfactorily used to estimate differences between the samples. These values are included with other data in Table I. XPS and XAES are based on excitation of core levels, and although core electrons are not directly involved in bonding, they respond to changes in the atomic environment and to associated charge transfer/redistribution phenomena via energy shifts of their spectral peaks. XP spectra of the Si 2p, Al 2p, Si KLL , and Al KLL region from the non-hydrogenated and hydrogenated samples Page 2 of 9 AUTHOR SUBMITTED MANUSCRIPT -JPCM-111832.R1 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 are presented in Figure 1 and 2, respectively. The two main peaks fitted to the Si 2p spectra corresponds to elemental Si (Si 0 ), the spin-orbit coupled Si peaks. The Si 2p spectra have therefore been fitted with a Gaussian-Lorentzian function with a tail accounting for peak asymmetry (GL(30)T(6.5)) and a constant spinorbit splitting of 0.6 eV. Likewise, two peaks corresponding to elemental Al has been fitted to the Al 2p spectrum with GL(70)T(1.4) and a constant spin-orbit splitting of 0.4 eV. The binding energies for the Si 2p and Al 2p peaks are presented in Table I . In addition to the Si 0 and Al 0 peaks, an oxide peak has been fitted to the Si 2p and the Al 2p spectra. The amount of Si + present is around 10 ± 2 at. % in all samples, while only 3 ± 2 at. % for AlO x .
In addition to the common practice of using core level energy shifts, we also measured and employed the modified final state Si and Al APs 22 , and implemented them in the Thomas and Weightman model 15 in order to probe charge transfer phenomena upon alloying aSi with Al with/without H. In Section III A we use the spectroscopic results to investigate differences in core hole electron screening and interatomic charge transfer/redistribution. In Section III B we present charge distribution calculations based on Bader analysis of calculated DFT models, and in Section III C the experimental and computational results are compared.
A. Core hole screening and interatomic charge transfer
Variations in electron screening
Changes in final state Auger parameter (α * ) (AP) are defined as 15, 23 
where ∆E B and ∆E K are the shift in photoelectron binding energy and the associated Auger electron kinetic energy, respectively, and ∆R represents the extra-atomic contribution to the relaxation energy. ∆α * is free of energy referencing problems and measures reliably the response of the material system to core hole electron screening.
24,25
The AP results are presented in Table I . Upon alloying with Al, the Si 2p-KLL AP (α * Si ) increases slightly with increasing Al content, as compared to pure aSi. At the same time, the Al 2p-KLL AP (α * Al ) is significantly reduced compared to pure crystalline Al. The increase of the α * Si in the aSiAl films as compared to its value in aSi is in agreement with our observed reduction in the band gap of amorphous Si upon introduction of Al.
11 . Although the slight changes in APs are close to or within the standard deviation, the measurements show a trend. The decrease in band gap of aSi upon alloying with Al relates to an enhanced screening on Si. The presence of a band gap in the aSiAl and aSiAl:H films stands as an energy barrier for the screening of the core holes of Al by the conduction electrons, and thus the α * Al values are much lower in the aSiAl and aSiAl:H films as compared to the metallic state where electron screening is perfect.
Interatomic charge transfer/distribution
The initial model of Thomas Page 3 of 9 AUTHOR SUBMITTED MANUSCRIPT -JPCM-111832. R1   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t The α and ∆α * values of Al and Si in the investigated films are presented in Table I whilst equation 3 below links ∆α * with changes in the valence charge q.
The above equation describes the linear potential model, where the potential in the core of an atom is assumed to vary linearly with the core occupation number N and the valence charge q of the atom. In equation 3 i refers to the valence orbital, and k reflects the change in the core potential when a valence electron is removed. The term dk i /dN represents the shrinkage of the valence orbitals caused by the removal of a core electron; its sign is always negative. dU/dN , is the change in the atomic potential at the site due to changes in charge distribution of neighboring atoms caused by the creation of the core hole N 22 . Perfect metals, like Al, with an infinite dielectric constant are characterized by perfect local screening. Hence (dq/dN ) = 1 in both chemical environments and subsequently ∆(dq/dN ) = 0. If we also assume that the polarization of the surroundings accompanying core-hole formation is zero for conductors, the above equation can be simplified to 22, 29 
Equation 4 was therefor used to calculate change in charge on the Si and Al site using the perfect screening model. However, due to the dielectric properties of silicon, and of the Al-Si films (which show a band gap), it is necessary to also test the imperfect screening model. The imperfect screening model has been described by Waddington et al. 28 as the Jost cavity model. It explains charge transfer when an ionized atom is placed in the center of a spherical cavity of radius R in a medium of dielectric constant ǫ. 30 The screening charge per core hole transferred to the Si-site from the atomic environment is therefore approximately (1 -1/ǫ)e rather than ǫ, as assumed above. 31 With this approximation, the second and third term in Equation 3 are important and the equation can then be reduced to the following form:
where ∆(1/ǫ) reflects the difference in the finite dielectric constant between the semi-conducting element and the alloy under consideration:
The k and dk dN values for Si and Al are shown in Table  1 in the Appendix. In order to also calculate the charge transfer using the imperfect screening model for Al, the change in the core potential value (k) had to be calculated, since it was not available in literature. The k was calculated using the following equation
where the parameters a, b, c, d and e are atomic potentials. These parameters can be determined from atomic structure calculations. The values we used in our calculations are from Jackson, Gregory, and Weightman 33 , and they are shown together with the values for k in Table  1 in the Appendix. The average value between relaxed and excited states used was 11.91 eV for Si and 10.70 eV for Al. Using the k and (dK/dN ) values in Table 1 in the appendix, the changes in AP (∆α * ) and dielectric constants in Table I , equation 3 can be solved for ∆q (Si (e − ) and Al (e − )). The total results are presented in Table I , while the results for each excitation (2p;3p and 2p;3s) can be found in Table 2 in the Appendix. Table I shows the calculated total changes in charge for Si and Al using both the imperfect screening (∆q i.s. ) and the perfect screening (∆q p.s. ) model. The positive signs of the change in charge in Table I 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t Estimations of electron charge transfer associated with H can be made only indirectly as we do not have experimental data (i.e. AP data) for H. It is, however, reasonable for us to assume that a reduction in charge on both Si and Al sites imply electron transfer towards the hydrogen sites, even though we cannot measure it directly. If charge transfer took place only between Al and Si, and from a charge neutrality point of view, one would expect that the total charge should be zero. This seems to be the case for both hydrogenated and non-hydrogenated samples in the perfect screening model, but not for the the hydrogenated samples in the imperfect model. For these samples the imperfect model shows a reduction in electron density at both Al and Si sites.
B. Bader analysis of charge distribution
Bader analysis was carried out on the DFT models produced from molecular dynamics, as described in section II, and compared to the charge transfer found experimentally using both the perfect and imperfect screening models. Due to the lack of symmetry in the amorphous structures, the local environment of each individual atom was evaluated based on the nearest neighbor (nn) configurations, i.e., the number and type of nearest neighbor atoms. An nn radius ¡ 2.8Å was found to encompass both Si-Si bonds and the slightly wider Si-Al separations. In table II the average charge of Si, Al and H in the Si49Al15, Si58Al6 and Si58Al6H12 models are presented. The change in average charge per Si atom is different for the two models without H; -0.17 e for Si58Al6 and -0.43 e for Si49Al15. Thus a higher fraction of Al atoms leads to a higher number of electrons transfered to the Si atoms. These results suggests that alloying amorphous Si with Al is accompanied with a transfer of electrons from Al to Si, in agreement with our experimental results in III A.
The relation between the change in charge per Si atom and the number of Si nn can be fitted linearly, as shown in Figure 3 . The Si49Al15 models all show similar results, for clarity only two examples (labeled A and B) are shown in Figure 3 . Introduction of Al among the nearest neighbors of Si results in charge transfer between Al and Si, i.e., a decrease of electrons per Al atom and an increase of electrons per Si atom. Si atoms with 4 Si and no Al atoms in the nn environment preserve a charge close to Si in the elemental state.
To investigate the effect of H, the change in charge per Si atom as a function of Si nn was compared for the Si58Al6 and Si58Al6H12 models in Figure 4 . For Si atoms with only Si or Si+Al among their nearest neighbors, the change in charge per Si atom is the same in both models, indicating transfer of electrons from Al to Si in both cases. For the Si atoms with H among their nearest neighbors, however, electrons are transferred away from Si as well. Thus, upon introduction of H, electrons are directed towards H from both Si and Al, in agreement with their relative electronegativities. In average the number of electrons per H atom is increased, while the average number of electrons per Si atom ends up being equal to elemental Si in the model containing H. The average number of electrons per Al atom is reduced by the same amount regardless of whether or not H is present in the model.
In order to illustrate the distribution of electrons, selected charge density isosurfaces calculated for Si58Al6 and Si58Al6H12 are shown in Figure 5 . The lowest electron density is found in random areas with larger interatomic distances, as illustrated with isosurfaces drawn at 0.001 e/Å 3 ( Figure 5 a and c) .The highest electron density (> 0.09 e/Å 3 ( Figure 5 e) is found inside Si-H and H-H bonds (examples labeled C and D, respectively), showing that H binds strongly to Si. When the isosurfaces are drawn at 0.07 e/Å 3 ( Figure 5 b and d) , Al-Si and Si-Si bonds (examples labeled A and B, respectively) appear. In the DFT model, H clearly prefers bonding to Si over bonding to Al, indicating a dependence of the average Si charge and the H content.
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The average change in charge per Si atom found experimentally from employing both the imperfect and the perfect screening model have been plotted i Figure 6 together with the results from the DFT analysis. All the points from the DFT and imperfect screening results can be fitted to a line, showing a near perfect agreement. The results obtained by using the perfect screening model, on the other hand, show systematically less charge transfer. Thus the comparison to calculated results shows that when incorporating Al into a dielectric matrix, such as aSi, the imperfect screening model must be used when calculating the charge transfer. This fits well as Al is not a conductor in the aSi 1−x Al x H y material, as in pure Al. Charge transfer calculated by the perfect screening model will be then be reduced, as compared to the imperfect screening model. This is due to the loss of the last term in Equation 5 which reflects the difference in the finite dielectric constant between the semi-conducting element and the alloy under consideration Based on the comparison to DFT, the experimental results obtained by using the imperfect screening model Page 6 of 9 AUTHOR SUBMITTED MANUSCRIPT -JPCM-111832. R1   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t FIG. 5. Calculated charge density isosurfaces for Si58Al6 (ab) and Si58Al6H12 (c-e). Si atoms are illustrated using purple, medium size balls, Al atoms are big, green balls and H atoms are small, black balls.
was chosen for further investigations of the relation between charge transfer and optical properties. In Figure  7 the change in valence charge of Si was plotted as a function of band gap and dielectric constant ( electron transfer is observed away from both Al and Si. The electrons can therefore be assumed to be transferred towards H. The experimental results were supported by DFT-based MD calculations, where a linear relationship was found between Si nearest neighbors and the number of electrons per Si atom. The number of electrons per Si atom increases (the valence of Si decreases) as the number of Al nearest neighbors increase. When H was introduced to the model, strong bonds were formed to Si, resulting in transfer of electrons from Si to H, while electrons were still transferred from Al to Si. Our results also suggest that there is a maximum number of electrons that can be donated per Al atom. Thus, the measured change in average charge per Si atom will depend on the relative content of Si, Al and H in the sample.
Experimentally the valence of Si was found to have a linear relationship with the band gap, as well as with the dielectric function. The band gap increases when the valence of Si increases, while the dielectric constant decreases. The DFT results were compared to the values obtained experimentally using the Thomas and Weightman model, evaluating both the perfect and imperfect screening assumptions. From this comparison it became clear that the imperfect screening model has to be used in order to most accurately describe the charge of Al and Si when Al is incorporated into a dielectric matrix. It was shown that the average change in charge associated with the Si atom follows a linear trend with respect to the Si content. This means that the desired Si charge can be obtained by manipulating the alloying conditions. Page 7 of 9 AUTHOR SUBMITTED MANUSCRIPT -JPCM-111832. R1   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
FIG. 7.
The valence of Si found by the interatomic charge transfer method found using the imperfect screening model, as a function of A) the band gap, and B) the dielectric constant found in our previous paper 11 . Data taken from Table I .
V. ACKNOWLEDGEMENT
This work is part of the project "Nanosol", financially supported by the Research Council of Norway, grant no. 231658.
Page 8 of 9 AUTHOR SUBMITTED MANUSCRIPT -JPCM-111832. R1   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
